Newcastle disease (ND) is a highly contagious disease of poultry. The ND virus (NDV) encodes an error-prone RNA-dependent RNA polymerase which can cause high mutation rate leading to the emergence of its new antigenic variants. Antigenic difference of NDV strains may result in massive outbreak in vaccinated and unvaccinated poultry flocks around the globe. Apart from its pathogenic potential NDV has been explored as an oncolytic agent for a broad range of human cancers. In the present study, we isolated a novel NDV strain from an outbreak in chicken flock from the eastern part of India. Molecular characterization showed the NDV strain to be virulent in nature. The complete genome sequence analysis of the newly isolated strains belongs to genotype XIII. Moreover, the newly isolated strain of NDV showed positive results in various apoptotic assays in human breast cancer cells, MCF-7. The study will be useful to explore the possibility of using a newly isolated strain of NDV for virotherapy.
INTRODUCTION
Newcastle disease virus (NDV) is a causative agent of a contagious disease in avian species which can cause significant economic losses to the poultry industries worldwide. Although NDV can cause infection and disease in a broad range of avian species, poultry birds are more susceptible to NDV infection. Severity of Newcastle disease (ND) and its corresponding symptoms depends upon NDV strain and the species it infects. NDV is a well characterized member of the family Paramyxoviridae in the genus Avulavirus.
1 NDV contains non-segmented, single-stranded and negative-sense RNA genome with three comparable sizes: 15 186, 15 192 and 15 198 nt. NDV strains of genome length 15 192 nt are more prevalent among its reported sequences worldwide. The genome contains six genes and encodes for six proteins: the nucleoprotein (N); phosphoprotein (P); matrix protein (M); fusion protein (F); hemagglutinin-neuraminidase; and large polymerase protein (L). In addition, the NDV genome also encodes two accessory proteins, V and W by RNA-editing phenomenon during transcription of its P gene. Depending upon severity of disease in chickens NDV strains falls into three categories: lentogenic (apathogenic); mesogenic (intermediate pathogenic); and velogenic (highly pathogenic). Although different molecular determinants for NDV pathogenicity were proposed, but the amino acid sequence of the F protein cleavage site is well accepted determinant for its pathogenicity in chickens. 2 In addition, three pathogenicity tests, namely, mean death time in 9-days-old embryonated chicken eggs, intracerebral pathogenicity index in 1-day-old chicks and intravenous pathogenicity index in 4-weeksold chicken are also used to assess the virulence of NDV strains. 3 In spite of extensive vaccination with the live attenuated vaccines, massive outbreaks are reported worldwide. 4, 5 In India, vaccination failures can be attributed mainly to lower vaccine quality, inappropriate vaccination process and dose, antigenically variant strains and evolution of virulent strains influenced by vaccine pressure and positive selection. [5] [6] [7] [8] Among all listed issues of vaccine failures, antigenic variation in circulating strains is the most challenging. 6, 9, 10 Based on genetic variation and phylogenetic analysis among all isolates, NDV strains are categorized into XVI genotypes and two classes. Class 1 comprises of genotype I NDV strains, while class 2 contains genotypes II to XVI. In addition, class 1 comprises non-virulent strains with a genome size of 15 198 nt. On the other side, class 2 comprises both virulent and non-virulent strains with genomic sizes 15 192 and 15 186 nt, respectively. The evolution rate of NDV is quite high, within the last few decades five new genotypes (XI to XVI) have evolved and many more are adding up. 11, 12 Besides its pathogenic potential in poultry, NDV can be used as therapeutics because of its oncolytic property. 13, 14 Since 1950, many viruses such as herpes simplex virus, poliovirus, poxvirus, adenovirus and measles viruses have been characterized for their oncolytic property. [15] [16] [17] [18] [19] Virotherapy has emerged as a new field of therapeutics for a broad range of human cancers. The oncolytic potential of NDV was examined for the first time in 1965. 20 Currently, NDV has been extensively used as an oncolytic agent in clinical and pre-clinical trial. 21 Moreover, NDV was suggested as complementary and alternative medicine by National Cancer Institute, USA. The nonpathogenic nature of NDV to humans and its RNA genome with low recombination frequency has made it an attractive oncolytic tool as compared with many other oncolytic viruses. The immune suppressive state of tumor and cancer cells, such as interferon deficiency was suggested for the promotion of NDV replication in cancer cells and its selective discrimination between a normal and a cancer cell. 22 NDV can activate the cytokine signaling and further augment the secretion of different molecules of the immune system in vivo. 23 Apoptosis is the major pathway responsible for NDV-mediated killing of cancer cells. 24 Initiated via either of two interconnected pathways, intrinsic or intrinsic apoptosis is a genetically conserved process to eliminate unwanted cells in vivo. 25 Both pathways cross talk and ultimately activate cytoplasmic apoptotic factor caspase-3. 26, 27 The classic hallmark of apoptosis is chromatin condensation and nuclear DNA fragmentation. 28 Both NDV replication and its proteins have been proposed for the activation of both intrinsic and extrinsic pathways of apoptosis. Although the factor which induces the apoptosis in target cells by NDV is poorly understood, HN protein was proposed to elicit virus-induced apoptosis. 29, 30 The underlying mechanism behind HN-mediated apoptosis is by increasing reactive oxygen species, reducing mitochondrial membrane potential and release of cytochrome c. 30 Furthermore, it has been reported that NDV can also induce cancer-specific memory through induction of immunogenic cell death. 22 Most extensively used NDV strains for human cancer treatment are PV701, 73-T, MTH-68 and Ulster. Although NDV has inherent oncolytic properties, but different strains have different apoptotic potential. The reason behind the strain dependence oncolysis is not well understood. To increase apoptotic potential different strategies have been explored such as recombinant NDV strains expressing various cytokines such as interleukins, tumor necrosis factorrelated apoptosis inducing ligand and GM-CSF. 31, 32 Virotherapy is one of the promising ways to treat cancer with low cytotoxicity and meager chance of relapse.
In the present study, we are reporting a new NDV strain, isolated from an outbreak in India showing promising apoptosis and cytopathic effect in vitro on cancer cells. The reported strain can be a better option for virotherapy and might be used as a backbone for the development of new recombinant oncolytic NDV.
MATERIALS AND METHODS

Virus isolation and pathogenicity tests
During the summer of 2014, high mortality was reported from a domestic chicken farm in the Ranchi province in the state Jharkhand, India. The infected flocks were vaccinated with live attenuated vaccine of NDV derived from stain LaSota. The clinical signs were recorded from the ailing birds. The tissue samples were collected during post-mortem examination. The collected tissue samples were triturated and diluted in phosphatebuffered saline. The diluted samples were inoculated into the allantoic cavity of 9-days-old pathogen-free chicken eggs and infected allantoic fluids were collected 48 h post inoculation. The presence of virus in allantoic fluid was confirmed by hemagglutination assay test using 1% chicken red blood cells. Furthermore, the virus was plaque purified using chicken embryo fibroblast cells following standard protocol. The plaque purified virus was used for further pathological analysis and genome sequencing. The pathogenicity test such as intracerebral pathogenicity index and mean death time were conducted in 1-day-old chicken and 9-days-old pathogen-free embryonated chicken eggs, respectively. 3 RNA isolation and genome sequencing Viral RNA was isolated from infected allantoic fluid and plaque-purified virus independently by using Trizol (Invitrogen, Carlsbad, CA, USA). Reverse transcription and PCR was done using virus-specific primers with SuperScript III reverse transcriptase (Invitrogen) and Phusion high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA), respectively. Rapid amplification of cDNA ends was used to determine the 3´and the 5´-end of the viral genome. 33 The PCR-amplified products and plasmid DNAs (cloned PCR products) were sequenced using BigDye terminator v 3.1 matrix standard kit and its data collection software v3.0 (Applied Biosystems, Grand Island, NY, USA). All sequencing was done in a 3130xl genetic analyzer (Applied Biosystems) using the manufacturer's instructions. The entire genome of NDV strain Ranchi was sequenced thrice, and at least once from the uncloned PCR product in order to get a consensus sequence. Phylogenetic analysis was performed using the MEGA 6 software (Centre for Evolutionary Medicine and Informatics, Tempe, AZ, USA) (MEGA, version 6.0.6).
Apoptotic study in MCF-7 cells
Isolated NDV strain Ranchi was propagated in human breast cancer cell MCF-7 (Kind gift from Dr Dipak Dutta, CDRI, India) to evaluate its oncolytic property. Cells were infected by strain Ranchi with a multiplicity of infection (moi) 1 and maintained in RPMI media with 2% fetal bovine serum at 37°C under 5% CO 2 . The viability of cells following NDV infection was assayed by treating the cell with dye 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) at different time point following standard protocol. 34 Briefly, equal number of MCF-7 cells (10 000) seeded in a 96-well plate were infected with NDV strain Ranchi with appropriate negative (uninfected) and positive (conA) controls. The viability of MCF-7 cells post infection was determined at different time points by treating cells with 5 μM MTT for 2 h at 37°C. The purple precipitate formed during incubation was dissolved in 100 μl of dimethylsulphoxide and absorbance was recorded at 570 nm. The viability was calculated by comparing the absorbance of infected and mock infected cells.
Viability ¼ OD of infected OD of mock infected Chromatin condensation and DNA fragmentation are classical hallmarks of apoptosis. Hoechst 33342 is a blue fluorescence dye which, when bound to DNA stains the condensed chromatin in apoptotic cells more brightly than the chromatin in normal cells. Briefly, MCF-7 cells infected with NDV strain Ranchi were fixed with 4% formaldehyde following 48 h post infection. The fixed cells were stained with 100 μg ml − 1 Hoechst 33342 dye (Invitrogen) for 15 min in the dark and visualized under fluorescence microscope.
The hypodiploid cell population due to decrease in DNA content following apoptosis was assessed by propidium iodide (PI) staining of cellular DNA. 35, 36 Briefly, infected and mock-infected MCF-7 cells were trypsinized and washed with phosphate-buffered saline, 48 h post infection. Further, cells were fixed with 70% chilled ethanol and resuspended in PI staining buffer in the dark for 15 min at room temperature. A total of 50 000 cells were acquired and analyzed under FL2 filter using Cell Quest software (BD Biosciences, San Diego, CA, USA).
The MCF-7 cells in 70% confluency were infected with NDV strain Ranchi at an moi of 1, or cells were mock infected or treated with 6 nM staurospourine for 12 h as positive control. The cells were maintained at 37°C under 5% CO 2 concentration. The cells were harvested and lysed by lysis buffer (1% NP-40 in 20 mM EDTA, 50 mM Tris-HCl, pH 7.5) for 20 s following 60 h post infection. The intact nuclei from lysed cells were removed by a standard centrifugation protocol and supernatant was collected. Furthermore, supernatant was treated with 10% SDS and 50 mg ml − 1 RNase A (final concentration of 5 μg μl − 1 ) and incubated for 2 h at 56°C. The supernatant was then treated with protease k for 2 h at 37°C and 10 M ammonium acetate added. The DNA content of supernatant was precipitated with isopropanol and analyzed on 2% agarose gel.
The membrane redistribution of Phosphatidylserine in MCF-7 cells following infection of NDV strain Ranchi was analyzed by annexin V and PI double-staining using a flow cytometer (FACSCalibur, San Jose, CA, USA) following the manufacturer's protocol (Invitrogen).
Immunoblot analysis NDV strain Ranchi-infected lysate of MCF-7 cells were collected 48 hpi using RIPA buffer (Life Technologies, Grand Island, NY, USA). MCF-7 cells treated with 6 nM staurospourine (Sigma, St Louis, MO, USA) were used as a positive control for apoptosis. The proteins were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The membranes were blocked with 5% bovine serum albumin and probed with specific primary and secondary antibodies. Specific proteins were visualized by standard, enhanced chemiluminescence HRP substrate (Bio-Rad Laboratories, Hercules, CA, USA). The followings were used as a primary antibody: rabbit polyclonal Anti-poly-ADP-ribose polymerase (PARP) (214/215) cleavage-specific, mouse anti-caspase-3, -9 and mouse monoclonal β-actin (all from Life Technologies). NDV HN-specific antibody was also used to check the infection of virus in MCF-7 cells (protein kind gift from Dr Ronald M Iorio, University of Massachusetts Medical School, USA).
RESULTS
Isolation and genome sequencing of NDV strain Ranchi A new strain of NDV, named NDV/Chicken/Ranchi/01/14 was isolated during an outbreak in poultry farm from the eastern part of India. Clinical signs and symptoms of ailing birds included torticollis and walking in circles. Postmortem examination of dead birds showed hemorrhages around the trachea. Organs, such as lung, trachea, kidney and brain were collected and used for further processing.
The pathogenic study of strain Ranchi suggested it to be a velogenic with mean death time and intracerebral pathogenicity index value of 64 h and 1. . The phylogenetic study of strain Ranchi using previously reported strains of NDV from India and the rest of the world suggests it to be a member of the genotype XIII of class II (Figure 1) . The complete genome of NDV strain Ranchi showed 90.5% identity with the recently reported genotype XIII strain of NDV isolated from Sweden. The phosphatidylserine redistribution and membrane integrity of MCF-7 cells following infection with NDV strain Ranchi was analyzed by annexin V and PI double staining. Up to 6.6% cells compared with 1.5% mock-infected cells were found in early apoptotic phase following 12 h post infection (Figure 4 ). All the experiments were repeated thrice to get a statistically significant data. A non-apoptotic NDV vaccine strain LaSota was used as a control for all the studies (data not shown).
Immunoblot analysis of MCF-7 cells
It has been shown that poly-ADP ribose is synthesized after the activation of the apoptotic pathway. The metabolism of poly-ADPribose is mainly regulated by the synchronized action of PARP. For activation of apoptosis, PARP should be deactivated. The PARP is cleaved by caspases into two subunits (89 and 24 kDa) which help in the process of DNA fragmentation. MCF-7 cells infected with NDV strain Ranchi showed a band~89 kDa. Similarly, staurosporine-treated MCF-7 control cells also showed the positive band with anti-PARP antibody ( Figure 5 ).
The process of apoptosis activates procaspases-3 and -9 to its active form caspase-3 and -9, respectively. The cellular procaspases is activated by apoptosome into active subunits, resulting in a decrease in inactive procaspases and an increase in active caspases. MCF-7 cells infected with strain Ranchi showed upregulation of caspase-3 and -9 ( Figure 5) .
To confirm the NDV infection, monoclonal anti-HN antibody was used to develop the blot against an infected MCF-7 cells lysate. Infected MCF-7 cell lysate showed HN-specific band at 74 kDa ( Figure 5 ). In addition, β-actin antibody was used as a control for all the experiments.
DISCUSSION
Although hundreds of NDV complete genome sequences are currently available, information regarding the class II genotype XIII NDVs is limited. In the present study, an NDV strain isolated from an outbreak in Ranchi, province in India was sequenced and characterized for its oncolytic potential. The genome of strain Ranchi was 15 192 nt consistent with the rule of six. 38 Compared with available vaccine strains, the NDV strain Ranchi contains a previously described 6-nt insertion in the untranslated region (UTR) of the N gene. 9, 10 It has been shown that insertion of 6 nt at the 5′-UTR of N gene was not considered to be an essential entity for NDV replication and pathogenicity. 39 The sequence of the F protein cleavage site is a major determinant of NDV pathogenicity. The strain NDV strain Ranchi has a fusion cleavage site with an amino acid sequence of 112 RRQKR 116 at the C terminal of the F2 protein and F at 117 residues as described earlier. 2, 40 The subtle difference in the nt sequence of NDV strain Ranchi might be responsible for the immune escape leading to the outbreak. Our analysis of complete genome sequence of strain Ranchi corroborates with the earlier finding which showed the maximum diversity of P protein among avian paramyxoviruses. 33, 41, 42 NDV-induced cytotoxicity of MCF-7 cells correlated linearly with the virus titer in the infected supernatant. The findings suggested Molecular characterization of ND viral strain U Kumar and S Kumar negative effect in the MCF-7 survival with increased NDV titer. Moreover, it has also been demonstrated that the effect is because of apoptosis and not because of necrosis by positive Hoechst and propidium iodide staining. The DNA content of cells undergoing apoptosis is cleaved by an endonuclease that fragments the nucleosomal units in the multiples of about 180-bp oligomers, Figure 1 . Phylogenetic analysis of NDV/Chicken/Ranchi/01/14 based on the complete genome sequences of Newcastle disease virus available in GenBank. NDV/Chicken/Ranchi/01/14 strain position on the tree is shown by black square. Sequences were analyzed by maximum likelihood method using Tamura-Nei Model. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. Evolutionary analysis was conducted by MEGA 6.0.6 software. which appears as ladder on an agarose gel. 43, 44 Our results support the classical DNA fragmentation in MCF-7 cells following the infection of strain Ranchi.
The apoptotic property of NDV strain Ranchi was further strengthened by phosphatidylserine staining. Exposure of phosphatidylserine on the outer leaflet of the plasma membrane is an important event in many apoptotic cells. 45 phosphatidylserine redistribution in MCF-7 cells infected with strain Ranchi showed 6.6% cells undergone apoptosis following 12 h post infection. The finding suggests that early phase of viral replication is important for apoptosis in MCF-7 cells. Moreover, strain Ranchi induces apoptosis in infected tumor cells in a dose-and time-dependent manner. It is widely known that cells undergoing apoptosis show DNA laddering. 46 It has also been demonstrated that many proteins undergo degradation by caspases during apoptosis. 47 The presence of degraded PARP is generally considered a marker of apoptosis. 48 PARP has a number of functions such as DNA repair, expression of essential genes during inflammation and activation of chromatin remodeling enzymes. [49] [50] [51] Presence of inactive PARP in MCF-7 cells infected with strain Ranchi confirmed the induction of apoptosis. Our findings of PARP cleavage by NDV in MCF-7 cells corroborates with the earlier report of NDV-induced apoptosis in A549 and SMMC7721 cells. 52 Caspase-3 is a downstream effector caspase that activates both intrinsic and extrinsic pathways of apoptosis. 53 Moreover, active caspase-3 also activates other downstream process of apoptosis such as chromatin condensation and DNA fragmentation. In addition, caspase-9 is an upstream modulator of caspase-3 and is activated by cytochrome c-mediated signaling pathway. 54 Increased level of caspase-3 and -9 in the MCF-7 cells infected with strain Ranchi suggested the involvement of caspasesmediated apoptotic pathway. Similar findings of caspase-3 and -9 activation in tumor cells by recombinant NDV have been reported earlier. 25 In recent years, there is a marked increase in the number of NDV strains which are shown to exhibit oncolytic activity in various tumors and cancer cell lines. [55] [56] [57] [58] [59] Nevertheless, different NDV strains exhibit varying level of oncolysis. The underlying mechanism behind the strain-specific variation of NDV in oncolysis is not known. However, it is believed that NDV-mediated oncolytic activity correlates with the virulent cleavage site of its F proteins which could efficiently replicate in tumor cells and confer effective cell lysis. 55 The cleavage site of strain Ranchi corresponds to the reported virulent strains. However, its effective utilization by the strain Ranchi in selective killing of MCF-7 cells requires further investigation. In addition, HN glycoprotein of NDV is suggested to be a major player in oncolysis. 30 It would be interesting to explore the underlying mechanism of surface glycoprotein-1.65%
6.66% . Antibody against poly-ADP-ribose polymerase, caspase-3, caspase-9 and β-actin were used to develop the blot. In addition, Newcastle disease virus infection in MCF-7 cells was confirmed by using anti-HN-specific antibody.
mediated apoptosis of strain Ranchi in MCF-7 and other cancer cells. The findings in this study not only improve the availability of full-length genome data of genotype XIII NDVs but also provide a better insight regarding its oncolytic strains. Moreover, the complete genome sequence of NDV strain Ranchi will be useful for exploring the structural modification of the NDV genome to enhance its oncolytic efficacy and also the underlying molecular mechanism of cross talk between the viral proteins and tumorspecific proteins.
